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associations have not been replicated consistently. 6, 7 Our aim is to determine whether there are radiological variables that are associated with PFO, by using data from various studies comprising the largest database of subjects with CS and known PFO status. This permits not only increased statistical power, but the ability to examine for consistency of effects across studies. Radiological patterns associated with the presence of a PFO should be more likely to represent stroke due to paradoxical embolism. In addition, we sought to explore whether PFO-associated neuroimaging findings might be more commonly found in those patients who have PFOs with echocardiographic features purported to be high risk compared with those with PFOs lacking such features.
Methods
This analysis uses the database created by the Risk of Paradoxical Embolism (RoPE) Study, a collaboration of investigators with published and unpublished registries of subjects with CS and transient ischemic attack (TIA). 8 The RoPE Study database, described in detail in an earlier report, 9 includes individual patient data for 3674 subjects with CS who were investigated for PFO with transesophageal echocardiography or transcranial Doppler. It was constructed from 12 component databases, 8 of which included CS subjects with and without PFO; the remaining 4 included only those with CS and PFO. Only the 7 databases that included subjects with and without PFO and with adequate neuroimaging data are included in this analysis. Some of these data from one of the component databases have been published previously. 5 Data from MRI scans were preferred to data from computed tomography (CT) scans for the RoPE Study. If no MRI was done then CT scans were used. The majority of the radiology data were already present in the component databases, but some were missing. For those databases for which investigators had access to neuroimages, the imaging studies were reread for missing variables by the RoPE Study. 9 Rereading was performed by the local RoPE contributors according to agreed-upon definitions, or the images were sent to the RoPE coordinating center in Boston for central rereading which was done by 2 vascular neurologists and a neurovascular fellow who were blinded to the clinical data.
For subjects with missing neuroimaging data, not all of the neuroimaging studies were retrievable by the local sites. In such cases, for the variable prior stroke, we permitted extraction of information from the clinical radiology report after determining reasonable agreement between these 2 methods of ascertainment. Of the 183 RoPE cases ascertained independently with both methods, 148 (81%) agreed (κ=0.43). This agreement is similar to that seen with 2 readers independently reviewing images for this variable.
All [NOMASS] ). The remaining (Lausanne, German, CODICIA) required additional data collection as described. In total, 1012 CT and MRI scans were reread, either at the local sites (n=355) or in Boston for central review (n=657). The use of MRI varied between studies from a low of 29% of subjects (PICSS) to a high of 79% (Lausanne).
Definitions
There were database-specific definitions for each radiological variable which we harmonized and then dichotomized in clinically meaningful ways.
Index Stroke Size
Measurement of infarct size was done with different units between databases. For some (Lausanne) measurements were made as a continuous variable permitting categorization for the RoPE database according to the RoPE definition. For others, however, the data were already dichotomized using lobes (PICSS, NOMASS, APRIS) as a unit of measurement. The French PFO/Atrial Septal Aneurysm Study Group used both measurements in millimeters for deep infarcts and hemisphere units for more superficial ones. We dichotomized the size variable into small and large roughly corresponding to a longest linear measurement of < or >10 to 15 mm (Table 1) .
Index Stroke Seen on Imaging
All of the RoPE component studies included subjects with CS. The stroke definition would permit normal imaging if the neurological deficit was thought to be due to cerebral ischemia and the symptoms persisted for >24 hours. CT-negative or MRI-negative imaging is most likely to occur in stroke patients with small lesions. The stroke was seen on imaging if an acute or subacute infarct was visible on neuroimaging at the time of the index event and was consistent with the clinical presentation.
Index Stroke Location
Superficial is defined as involving the cerebral or cerebellar cortex. Other locations including the noncortical gray matter (thalamus, basal ganglia) and deep white matter in the cerebrum or cerebellum were considered deep. Five databases had already defined the infarct locations as superficial or deep or both, or as cortical or subcortical or both. For the RoPE Study, infarcts described as both were considered superficial ( Table 2 ). Three studies divided the brain into 24 locations each of which was categorized as superficial or deep. The 11 cortical locations in the cerebellum and cortex were considered superficial and the 10 locations in the deep white matter and deep gray structures were considered deep. There were 3 additional borderzone locations. The deep middle cerebral artery borderzone was considered deep, whereas the middle cerebral artery/anterior cerebral artery and middle cerebral artery/posterior cerebral artery borderzones were deemed superficial.
Multiple Index Strokes
These are defined as discrete radiological lesions in different vascular territories or lesions which are clearly separated within one vascular territory (eg, anterior and posterior branches of the middle cerebral 
Prior Stroke
This is defined as a radiologically chronic infarct at the time of the index event imaging. On MRI the lesion must be >3 mm, hypointense on T1-weighted images, and hyperintense on T2-weighted images. Surrounding gliosis is seen as supportive. On CT, the lesion must also meet a minimum size of 3 mm, be infarct-like in appearance and location, and have a density similar to that of cerebrospinal fluid.
To explore whether neuroradiologic findings were different in those with high-risk versus low-risk PFOs, we divided subjects into those with and without specific echocardiographic features. The term high risk has been used to refer either to the association with CS (and by implication, with paradoxical embolism) or to the risk of recurrent stroke. The RoPE definitions of these echocardiographic features have been described previously. 9 In brief, we investigated the radiological characteristics of those with physiologically large versus small shunts, hypermobile interatrial septa versus normal mobility, and shunting at rest versus shunting only with Valsalva. Shunt size was determined by bubble counts in the left atrium. Large corresponded to >10 or 15 bubbles visible in the left atrium within 3 cardiac cycles after right atrial opacification. A hypermobile, or aneurysmal, septum roughly corresponded to excursion of the septum of >10 mm from the midline. CS subjects without PFO were not included in these exploratory analyses.
Statistical Approach
Because definitions of the independent variables varied between sites, we used generalized linear mixed models that controlled for site as a random effect to examine the associations among these 5 variables and the presence or absence of PFO as the binary dependent variable. According to this approach, the effects of radiological markers are examined within each database, and then pooled across databases using a random effects model, that accounts for studylevel heterogeneity. We also examined consistency of effects across databases, to explore differences that might arise through different study-level definitions. Our primary analysis examined the crude associations (ie, associations adjusted for site only). In a sensitivity analysis, we adjusted for clinical variables known to be associated with the presence or the absence of a PFO (including diabetes mellitus, hypertension, smoking status, history of stroke, or TIA). 10 This latter analysis tested whether a particular neuroradiologic feature adds incremental information (regarding PFO status) to known clinical variables.
For comparisons of neuroimaging characteristics between subgroups of patients with PFOs defined by echocardiographic features, we again used generalized linear mixed models with the neuroimaging characteristics as the independent variable of interest (continuous or binary) and the PFO status subgroup as the categorical dependent variable, controlling for site as a random effect. Again, we tested the crude (only site-adjusted) associations as our primary analysis, and subsequently examined the same associations using a fully adjusted model as above.
Results
A total of 2680 subjects were available from the component databases within RoPE that included CS patients with and without PFO (Table 3) . We analyzed the clinical and echocardiographic variables of those subjects with missing neuroradiological data. No significant differences were found between them and the rest of the cohort except for a higher prevalence of TIA as the index event in those without imaging (81/148, 55%) when compared with those with imaging (202/2532, 8%; P<0.0001).
After controlling for site (ie, component database) as a random effect, the variables that were associated with a significantly higher prevalence of PFO were (1) a large index stroke Table 4 ). When controlling for site and age alone, the relation with prior stroke was attenuated and no longer significant (OR, 0.83; P=0.099). Adjusting for imaging modality (MRI, CT, or unknown) did not affect the direction, magnitude, or significance of the findings (data not shown). Similarly, further adjusting for clinical variables (including diabetes mellitus, hypertension, smoking status, history of stroke, or TIA) did not substantially influence the findings, with the exception that prior stroke on neuroimaging ceased to be significant (Appendix in the online-only Data Supplement). The prevalence of prior infarcts was high, being seen in 23% of those with PFO and 31% of those without, substantially more frequent than prior stroke or TIA on clinical history, 10% and 15%, respectively.
High-risk PFOs
When we restricted the analysis to only those subjects with PFO and serially divided them by PFO characteristics, no significant associations were found. None of the purported high-risk features (large shunt, shunt at rest, or associated hypermobile septum) was associated with any of the measured radiological variables, and no association was seen when those with any high-risk feature were compared with those without. This was true when the groups were adjusted only for site as a random effect and in the fully adjusted model (including diabetes mellitus, hypertension, smoking status [current], and history of stroke or TIA).
Discussion
This is the largest study to describe the neuroradiological characteristics of CS associated with PFO. We have also described the imaging features that distinguish CS associated with PFO from non-PFO-related CS. We found a significant association between PFO and large strokes and strokes that are located in the brain periphery. Prior strokes on neuroimaging are also associated with the absence of a PFO, although this finding does not provide additional information regarding the likelihood of finding a PFO when the clinical history regarding prior stroke is already known. The appearance of multiple infarcts at the time of the index event was not associated with PFO. Note that all of these comparative findings use, as a reference, patients with cryptogenic strokes without PFO, and should be appropriately interpreted (ie, CS in the setting of PFO are more frequently large compared with other cryptogenic strokes). Despite variations in the variable definitions across databases, these findings were largely consistent across the 7 studies included in this analysis.
As described previously, 8, 10 an excess of PFOs in populations with or without a given clinical variable can assist in identifying those PFOs which are likely to be pathogenic instead of incidental. Thus, we identified radiological variables that may help to distinguish those strokes which are PFO-related rather than related to another stroke mechanism which is also cryptogenic. The difficulty in distinguishing PFO-related CS from other non-PFO-related ones is that strokes in the latter category may also be due to cerebral embolism and may have a similar radiological signature. The pattern of PFO-related stroke may be comparable with other cryptogenic emboli. Nevertheless, several differences emerged between the CS groups with and without PFO.
Smaller studies explored the association between neuroradiological findings and PFO. Jauss et al 6 did not discover an embolic pattern in a study of 73 subjects with CS with PFO compared with CS without PFO, and concluded that "it is not possible to discriminate between cryptogenic stroke and stroke from an assumed paradoxical embolism." Their embolic pattern required infarcts in different vascular territories; a RoPE variable that similarly did not distinguish between those with and without PFO. Some have found that cardiogenic stroke is more likely to be associated with multiple infarcts at the time of presentation. 11 However, even within the category of strokes that are cardiogenic there are multiple causes which may reasonably be expected to have different radiological patterns. Other variables, such as infarcts in a peripheral location, have been shown to be useful predictors of PFO even in studies of small size. 3 We confirm those findings using our larger dataset. Steiner 3 found that superficial infarcts are more common in subjects with medium or large PFOs (50%) than in those with small or no PFO (21%). Santamarina et al 12 made a similar observation in those with the combination of PFO and hypermobile interatrial septa with wide confidence intervals. We did not confirm those observations; the echocardiographic variables in this study were not associated with radiological findings.
Our observation that prior radiological infarcts are less common in subjects with PFO may be interpreted in part as an age-related phenomenon because PFO subjects tend to be younger than patients with non-PFO-related strokes. In a prospective multicenter study by Lamy et al 5 (using data from subjects that contributed to the RoPE database), prior radiological stroke was less frequent in patients with PFO but this association was lost when controlled for age. When we controlled for age, PFO subjects had a trend toward fewer old lesions but it no longer reached statistical significance. The somewhat lower burden of precurrent stroke is consistent with the observation that PFO-related recurrence is less frequent than other cryptogenic stroke mechanisms. 10 The deep/superficial dichotomy that we established in this study will not distinguish perfectly between embolic or local disease. Thalamic strokes, for example, are closely associated with both small-vessel disease and with posterior cerebral artery emboli or large vessel disease. However, in spite of this caution we were able to identify significant associations with PFO status.
Our study describes the radiological findings in subjects with CS and PFO but there is an unavoidable corollary, which is to describe the stroke patterns in CS unrelated to PFO. Strokes in these subjects are more often small, deep, and recurrent, a pattern consistent with lacunar disease. Although this does not imply that all small and deep infarcts are due to the arteriolar pathology associated with lacunar disease, it does suggest that despite the effort to exclude patients with small-vessel disease in the databases that formed the RoPE Study, it may be a common alternative mechanism in populations described as cryptogenic. To emphasize the potential contribution of atherosclerotic disease in this population, it has been shown that conventional vascular risk factors contribute to stroke risk even in populations of stroke patients who are described as young. A cohort of such patients 13 demonstrated an increasing incidence of atherosclerotic large-and small-vessel disease in those as young as 35 years and became significant by the age of 44 years.
The associations between PFO characteristics and neuroimaging findings have been inconsistent. Akhondi et al 14 found no associations between PFO characteristics and infarct volume or stroke location except that greater septal excursion predicted infarct volume. Similarly, Bonati et al 7 found no association between shunt size and any radiological variable but the presence of an atrial septal aneurysm was associated with multiple index lesions on imaging. However, Steiner found that in all patients (including noncryptogenic strokes) larger PFOs were associated with large, superficial lesions in the posterior circulation. However, we could not identify any PFO characteristics that were related to our radiological variables.
It should be kept in mind that our findings are not absolute. PFO-related strokes are statistically larger and more often superficial but many subjects without PFOs have a similar pattern. The converse is also common; small deep strokes occur in subjects with paradoxical embolism as their probable stroke mechanism. So, like many aspects of stroke diagnosis, these radiological patterns should be seen as a complement to other clinical information in support of one stroke cause or another. Our study does not support the existence of a pathognomonic signature of paradoxical embolism.
Limitations
Despite our efforts to reread neuroimages, this individual patient meta-analysis was limited by the collection of neuroradiologic data in the component studies. Variation in definitions across studies, the presence of missing data for some variables and the use of CT and MRI scans could have obscured associations that may have been stronger with better standardization.
However, in addition to statistical power, combining databases provides advantages. Data from multiple sources can be checked for consistency of effects, thereby improving generalizability. Also, the development of a database from many locations lessens the dependency on any particular database reducing the susceptibility to the idiosyncrasies of data sets.
Conclusions
This is the largest study to report the radiological characteristics of patients with CS and known PFO status. Strokes that were large, radiologically apparent, superficially located, or unassociated with prior radiological infarcts were more likely to be PFO-associated than were smaller, unapparent, or deep strokes, and those accompanied by chronic infarcts. The fact that small and deep infarcts were overrepresented in patients without PFO suggests that non-PFO-related mechanisms of CS may include lacunar disease. We did not find an association between PFO and multiple acute stroke, or any association with specific PFO features and neuroimaging findings.
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